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Optical reflectivity and electrical resistivity of multi-component AgMgAl alloys, both crystalline and amorphous, were measured. The crystalline alloys exhibit high reflection in infrared region but a steeper drop in visible and ultraviolet regions. By contrast, amorphous alloys show a lower but relatively uniform reflectivity in the visible and infrared regions. In both cases, the reflectivity was observed to scale with the square root of electrical resistivity. The scaling law was explained based on classical reflection theory. The different scaling factors for crystalline and amorphous alloys could be rationalized by the difference in the mean free time of charge carriers. There are primarily two approaches to harvest solar energy. One approach is to convert solar energy into electricity, e.g., solar cells, and another is to directly convert solar energy into thermal energy. 1, 2 The former draws energy from electromagnetic wave with wavelength typically around 400-1100 nm, and the latter uses wavelength in the visible and infrared spectral ranges. In the case of solar to thermal energy conversion, solar energy is collected through a reflector made of monolithic metals or with additional coatings. [3] [4] [5] For example, enhancement in light reflection can be made by applying high reflective metallic coating or by ceramic oxides with high refractive index such as SiO 2 or TiO 2 .
6,7 Coated reflectors have already been widely used. However, when a reflector is in use, there are some associated aging problems such as oxidation, corrosion/erosion, thermal stability, and thermal fatigue. 4, 8, 9 These aging problems gradually alter the surface characters and degrade the performance of the reflector.
Optical properties of metals are very different from the non-metals. Pure metals, such as Ag, Cu, Au, and Al have been widely applied for their high reflectivity in the visible and infrared spectral region. 6 The reflectivity of a material can be readily derived from the basic optics.
where R is the light reflectivity at normal incidence,n is the complex refractive index, n is the real part of the refractive index, and j is the extinction coefficient. Assuming n ( j in the near infrared wavelength region, we can derive the following expressions:
where l is the magnetic permeability, c is the speed of light in vacuum, q is the electrical resistivity, x is angular frequency, and s is the mean free time between charge carrier's collisions. The reflectivity is then obtained by inserting Eqs.
(2) and (3) into Eq. (1). Despite a high reflectivity in the visible and infrared spectral region, transition metals such as Ag, Au, and Cu typically have a reflection minimum in the ultraviolet region due to the d-like valence electron absorption. 11 The d-orbital electron transport in these transition metals can be modified to sp-orbital electrons by alloying with non-transition elements. 12 In this study, we make an attempt to develop an understanding of the optical reflectivity of multi-component alloys, which is still poorly understood.
The multi-component alloys used for this study were synthesized by magnetron sputtering on glass substrate. Chemical compositions in at. % of these alloys are listed in Table I . The DC and RF magnetron targets were 50.8 mm in diameter. The chamber was initially evacuated to a pressure of 1 Â 10 À7 torr before being backfilled with high-purity Ar gas. Then, the targets were placed on DC and RF guns and pre-sputtered for 5 min. The working distance between the target and sample was 120 mm during sputtering process. The applied voltage and sputtering time were adjusted based on the calibrated coating rates of each targets, and the final film thickness was about 250 nm. To obtain uniform thickness, the samples were rotated with an average speed of 16 rpm. The coated specimens were characterized by x-ray diffraction (XRD), scanning electron microscopy (SEM), and energy dispersive spectrometry (EDS). The sheet resistance (Rs) was measured by four-point probe, and the electrical resistivity q was subsequently calculated by the multiplication of Rs and thin film thickness d. The reflection of the coated samples was measured using n&K Analyzer 1280, which was calibrated using a standard silicon wafer. Data were collected by the reflection mode and the range of the wavelength was from 190 to 1000 nm. The average roughness (Ra) is measured by atomic force microscopy (AFM).
X-ray diffraction patterns from some of the representative multi-component AgMgAl-based alloys are shown in Fig. 1 . The alloys can be readily divided into two groupscrystalline and amorphous. Alloys with the Ag concentration less than about 50% are noted to be amorphous; this is consistent with the previous observation of glass forming ability in multi-component Ag-based alloys. 13 The reflectivity (R-value) of multi-component AgMgAl crystalline and amorphous alloys was measured and the results are shown separately in Figs. 2(a) and 2(b) , respectively. The measurements were carried out from wavelengths of 190 to 1000 nm. To make a direct comparison and as a baseline, R-values for pure Ag, Mg, and Al are also presented in Fig. 2(c) . For pure metals, Ag has the highest Rvalue in the visible and infrared regions but exhibits a deep d-like valence electron absorption at wavelengths less than $320 nm. Mg shows a relatively flat curve without the d-like valence electron absorption. Al has the lowest R-value among them.
In the case of crystalline alloys in Fig. 2(a) , the sudden drop of reflectivity in the ultraviolet wavelength is still visible in the high Ag-containing alloys (>50 at. %). However, it gradually disappears in the low Ag-containing alloys, indicative of a possible change of chemical bond from d-to sp-like valence. In the infrared region, the R-values of these crystalline alloys are all higher than 0.9, except for the two low-Ag alloys whose R-vales are slightly less than 0.8. For amorphous alloys in Fig. 2(b) , the reflectivity value (less than 0.8) is apparently lower as compared to that of the crystalline alloys. However, the reflectivity-wavelength curves are relatively smooth. There is no reflectivity drop near the ultraviolet region. It indicates the d-like chemical bond is disrupted by the amorphous structure, thus causes the depletion of the ultraviolet absorption. Surface morphology, and particularly surface roughness, can affect the light reflection. The surface of the current AgMgAl alloy films varies, depending on their structures being crystalline or amorphous. The surface of crystalline films reveals granular appearance, and that of amorphous films appears much flatter, as shown in Fig. 3 . The average surface roughness (Ra) of the crystalline and amorphous films is measured to be 26.5 and 4.3 nm, respectively. These Ra can cause light scattering especially in ultraviolet region but is not anticipated to have significant effects in the visible and infrared regions.
14 According to Eq. (1), when n ( j, the reflectivity can be approximated
Inserting Eqs. (2) and (3) into Eq. (4), the equation finally becomes
Since the permeability is essentially constant for nonferromagnetic metals, it has negligible effect on reflectivity. It is readily observed in Eq. (5) that the reflectivity of a material scales with the square root of electrical resistivity and inversely with the square root of mean free time between charge carrier's collisions. In other words, a material with high s and low q would exhibit high reflectivity.
The electrical resistances of the pure metals and the current films were subsequently measured and are listed in Table I . The reflectivity of each material at the wavelength of 1000 nm, where the reflectivity of various materials all approaches to a more stable and saturated level, is also summarized. Included in the Fig. 4 . It is evident that the reflectivity scales consistently with the square root of resistivity, in good agreement with the prediction (Eq. (5)). Data in the figure can also be categorized into three groups, I-pure metals, II-crystalline multi-component alloys, and III-amorphous multi-component alloys. Curves I and II have similar slopes but are offset slightly. Crystalline multi-component AgMgAl alloys consist of nanoscaled grains with a significant fraction of grain boundary. They are expected to have higher electrical resistivity than pure metals. By contrast, multicomponent amorphous alloys (Curve III) exhibit a slope that is lower than the slope for the crystalline alloys. Note that data from amorphous Ag 30 Cu 30 Mg 15 Al 25 and Zr 50 Cu 50 are also incorporated in curve III and they consistently fall on the curve for amorphous alloys.
Based on Eq. (5), the slopes of the curves are primarily determined by s, the mean free time between charge carrier's collisions. The s value for the multi-component AgMgAl alloys is not available. From topological point of view, however, an amorphous solid contains appreciable free volume and is less densely packed as compared to its crystalline counterpart, thus has a larger average inter-atomic distance. The mean free time between charge carrier's collisions is, therefore, expected to be longer. With a larger s, the slope is also lower; this is qualitatively consistent with the prediction of Eq. (5).
In summary, we prepared a series of multi-component AgMgAl alloys by sputtering technique on glass substrates and their optical reflectivity and electrical resistivity were measured. These alloys are either crystalline or amorphous, depending mainly on the Ag content. The crystalline alloys have high reflection in infrared region but it drops sharply near the ultraviolet region, as a result of d-like valence electron absorption of Ag. For amorphous alloys, the sharp drop of reflectivity in the ultraviolet region disappears. The absence of reflectivity drop is resulted from the disruption of the d-like valence electron by the random lattice structure.
In all multi-component alloys, the reflectivity is a function of electrical resistivity, and specifically it scales with the square root of electrical resistivity, which can be explained by the classical reflection theory. However, amorphous alloys show a higher scaling coefficient as compared to that of crystalline alloys. This is caused by a longer mean free time for charge carriers in the amorphous alloys. Based on our results, a material with high mean free time for charge carriers and low electrical resistivity would exhibit high reflectivity.
